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I. INTRODUCTION
Since the 70s of the last century it became possible to produce ethylbenzene with the use of heterogeneous zeolite catalyst on a commercial scale. Heterogeneous catalytic process gradually started to replace the old homogeneous catalytic technology. Nowadays most of the existing ethylbenzene production plants operate using the zeolite catalyst [1] , [2] . According to the data of 2014 total world ethylbenzene production capacity is around 37 millions tons per year [3] .
Technology of ethylbenzene production includes the stages of alkylation and transalkylation. The control of technological parameters such as benzene-to-ethylene ratio in the feed and temperature lets to conduct the process under the optimum conditions and monitor the output of ethylbenzene [4] , [5] .
Although the technology developers provide their recommendations on the values of these parameters, the development of the model of ethylbenzene synthesis process and its subsequent modeling aimed at the increase of the resource and energy efficiency of the production plant is one of the most feasible ways of customization of the process to particular cases [6] .
II. OBJECT OF THE RESEARCH
The ethylbenzene technology is developed for ethylbenzene production with the use of the liquid phase and zeolite catalyst. conversion processes schemes, and at the same time they have quite much in common. So the main task is to determine the pathway of the development of secondary reactions: transalkyation, disproportionation, dealkylation, cracking and other ones, the result of which is the formation of by-products. Some steps were taken to make up a detailed reaction scheme based on industrial data and the existing knowledge about the process [13] . We offer the method of designing of the math model that combines industrial data, research results and quantum-chemical calculation.
The list of possible reactions for benzene alkylation was made with account of the quality of sources (ethylene and benzene), product composition and aspects of the process chemistry.
Thermodynamic possibility of these reactions has been confirmed by determination of the isobaric-isothermal parameter -the change of Gibbs energy ΔG at T=510 º K and P=3.4 MPa. As for the target reaction Gibbs energy is equal to -43.4 kJ / mol and according to all defined ΔG of the considered reactions, thermodynamic possibility of these reactions is probable. The determination was performed with the use of Gaussian-98 program by PM3 semi-empirical method.
The graphical description of the reactions pathway of benzene alkylation is shown in Fig. 1 . Among them there are benzene alkylation of ethylene and propylene (ethylene feed impurity), toluene (benzene feed impurity) alkylation, next step of alkylation caused by the PEB formation, heavy by-product formation (diphenylethane) through the intermediate formation in the process of incomplete benzene alkylation. The scheme needs to be formalized (simplified) in order it could be used for future computations; at the same time it is to provide the highly accurate description of the process.
Formalization was performed by means of uniting individual substances into the pseudo-components having similar reactivity in respect of a particular reaction. The determination of compensation degree, which is characterized by the partial compensation of the energy expended on the breaking of the old bonds by the energy of the new bonds formation on the reaction route, was considerably helpful in solving the problems of catalytic action prediction.
Therefore, further step is to study the degree of compensation for the list of considered reactions.
where  i D -the energy of bounds breaking, kJ / mol, Е а -energy of activation, kJ / mol.
The main problem in calculation of the compensation energy is to determine the activation energy of the reaction.
As the first approximation, the activation energy was calculated according to Polanyi-Semenov equation for exothermic reactions [14] . (2) where Е а -energy of activation, kcal / mol, H -heat of reaction, kcal / mol.
Enthalpy of the reactions was calculated with the use of quantum-chemical methods of thermodynamic functions determination. The calculated enthalpy of alkylation reaction of benzene with ethylene (-117.9 kJ / mol) was compared with the literature data (-113 kJ / mol) [15] as a proof of the relevance of the method for the unknown enthalpy of some reactions in the literature. All the considered reactions are exothermic.
Then the activation energy of the given reaction was calculated in first approximation with the use of the empiric equation. The value of the reaction mentioned above is 78.5 kJ / mol in comparison with 63.4 kJ / mol in [16] . It's important to note that activation energy that was found for all reaction refers to the non-catalytic process, and it was good for the first approximation on next stage of the parameter estimation. The meanings of defined activation energy according to Polanyi-Semenov equation at T=510 º K and P=3.4 MPa are represented in Table I . However, it might be improved with the use of literature sources of activation energy values for some reactions. After that the activation energy could be calibrated to the activation energy of the reaction.
Activation energy values were determined without taking zeolitic alkylation catalyst action into account. The kinetic parameters for alkylation zeolite catalyst under similar process conditions were defined in literature data. According to sources, the activation energy for the reaction of diethylbenzene the activation energy is 47.03 kJ / mol.
To find the relationship between literature and defined values of activation energy according to Polanyi-Semenov equation, the linear correlation equation was determined ( To form ethylbenzene it's necessary to break the two bonds: C-H bond in a molecule of benzene and C-H bond in a molecule of ethylene. The energies of these bonds have been calculated with the use of Gaussian-98.
The energy of the first bond was 433.8 kJ / mol, the energy of the second one was 215.5 kJ / mol. The energy of bonds breaking was equal to 649.3 kJ / mol. Similarly, the energy of bonds breaking was calculated for the rest of the reactions, and then the degree of compensation was calculated by the formula (1). The results are shown in Table I . The literature values of the energy of bonds breaking and their comparison with the determined values are also shown in Table I .
Computation results show the good comparability of the determined values of energy of bonds breaking with the literature data.
Similar work was carried out for the transalkylation process.
Relations between literature and defined values of activation energy according to Polanyi-Semenov equation for transalkylation is shown in Fig. 4 . Reactions and their characteristics are listed in Table II . 
IV. RESULTS AND DISCUSSIONS
In order to formalize the transformation schemes, reactions were divided into two groups by the criterion of the similarity of their values of compensation degree (Table III) . The degree of compensation for the same group of reactions differs approximately by 1% [17] - [19] .
Thus, it is possible to identify the number of pseudo-components: the heavy compounds which are composed of individual components such as tetra-, penta-, hexaethylbenzene and diphenylethane; monoalkylates (butylbenzene, n-propylbenzene, cumene), dialkylates (ethylcumene, ethylbutylbenzene), xylenes (o-, m-, p-xylene), cyclic and dicyclic hydrocarbons. Formalized scheme of hydrocarbons transformations is shown in Fig. 5 . According to the law of mass action the expressions of the rates of alkylation and transalkylation reactions can be put as follows (see Table IV ). 
8. Coke formation The kinetic model of transalkylation Similar work was carried out with the transalkylation process. Kinetic models of alkylation and transalkylation are presented in Table V. Initial conditions are: t=0, С i =C 0i , where i -corresponding hydrocarbon.
The kinetic models presented in the paper are to become the basis for the computer simulation of the ethylbenzene production system development. At the current stage model of transalkylation was tested. Parameters adjustment and their determination were carried out according to data operation of the industrial alkylation plant with liquid phase transalkylation process.
A 6 months operations plant data were taken as a basis. The parameters of equations (Table IV) were defined in MathCAD by least squares. Modeling was carried out in HYSYS using the kinetic model and the results according to parametersconstants of the equations give the changing of consumption and accumulation of basic substances along the reactor length (see Fig. 6 ).
V. CONCLUSION
Thermodynamic analysis of alkylation and transalkylation reactions were performed with the use of quantum-chemical methods of calculating thermodynamic functions. The method of formalization of the hydrocarbons transformation scheme which consists in the grouping of components by their reactivity drawing on the compensation degree values of the corresponding reactions, was developed. The correctness of the determination of the energy of bonds breaking in the reagent's molecules is confirmed by comparison of its results with the literature data. The kinetic models of alkylation of benzene with ethylene and polialkylbenzenes transalkylation were developed on the basis of the formalized transformations schemes. The primary data of the activation energies approximation and results of transalkylation reactor simulation were obtained.
